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(57) ABSTRACT 

A reciever for a communications link includes a receiver 

module and a host receiver. These tWo components can be 

tested independently. In one embodiment, the receiver mod 
ule is characterized With respect to noiseand distortion. The 
noise performance can be determined by comparing input 
and output signals of the reciever module, to determine the 
relative noise of the reciever module. The disortion perfor 
mance can be determined by comparing the distortion of 
input and output signals of the reciever module, using a 
reference host receiver that includes an equalizer. The host 
reciever can be tested by using a reference receiver module. 
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TESTING OF RECEIVERS WITH SEPARATE 
LINEAR O/E MODULE AND HOST USED IN 

COMMUNICATION LINKS 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 
[0001] This application claims priority under 35 U.S.C. 
§ll9(e) to each of the following US. Provisional Patent 
Applications Ser. No. 60/695,926, “SFP+ Linear Module 
Receiver Speci?cations And Test Methodology,” ?led Jun. 
30, 2005; and Ser. No. 60/747,398, “Method For Tradeolf 
Between Linear Optical Module Rx Distortion And Noise,” 
?led May 16, 2006. The subject matter of all of the fore 
going are incorporated herein by reference in their entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates generally to the testing of 
receivers used in communications links, for example ?ber 
optic communications links. More speci?cally, in cases 
where a receiver includes a linear front-end (e.g., an O/E 
module) and a separate back-end (host) that includes equal 
iZation, this invention relates to separate testing of the 
front-end and/or back-end. 

[0004] 2. Description of the Related Art 

[0005] Optical ?ber is widely used as a communications 
medium in high speed digital networks, including local area 
networks (LANs), storage area networks (SANs), and wide 
area networks (WANs). There has been a trend in optical 
networking towards ever-increasing data rates. While 100 
Mbps was once considered extremely fast for enterprise 
networking, attention has recently shifted to 10 Gbps, 100 
times faster. As used in this application, 10 Gigabit (abbre 
viated as 10 G or 10 Gbps or 10 Gbit/s) systems are 
understood to include optical ?ber communication systems 
that have data rates or line rates (i.e., bit rates including 
overhead) of approximately 10 Gigabits per second. This 
includes, for example, LRM and SPF-8431, a speci?cation 
currently under development by the SFF Committee that 
will document the SFP+ speci?cations for 10 G Ethernet and 
other 10 G systems. While 10 G systems serve as convenient 
examples for the current invention, the current invention is 
not limited to 10 G systems. Examples of other systems to 
which the current invention could be applied include Fibre 
Channel systems, which currently operate at speeds from 1 
Gbps to 10 Gbps, as speci?ed by the Technical Committee 
Tll, a committee of the InterNational Committee for Infor 
mation Technology Standards (INCITS). 

[0006] Regardless of the speci?c data rate, application or 
architecture, communications links (including optical ?ber 
communications links) invariably include a transmitter, a 
channel and a receiver. In an optical ?ber communications 
link, the transmitter typically converts the digital data to be 
sent to an optical form suitable for transmission over the 
channel (i.e., the optical ?ber). The optical signal is trans 
ported from the transmitter to the receiver over the channel, 
possibly suffering channel impairments along the way, and 
the receiver then recovers the digital data from the received 
optical signal. 
[0007] Recent developments in 10G optical communica 
tions have included the use of Electronic Dispersion Com 
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pensation (EDC) in receivers to extend range. For example, 
the IEEE 802.3aq standards committee is developing a 
standard (IOGBASE-LRM or simply LRM) for 10 G Eth 
ernet over multi-mode ?ber over distances of up to 220 
meters using EDC. This standard is in a draft state, currently 
documented in IEEE Draft P802.3aq/D4.0, Draft amend 
ment to: IEEE Standard for Information technologyiTele 
communications and information exchange between sys 
temsiLocal and metropolitan area networksiSpeci?c 
requirements, Part 3: Carrier Sense Multiple Access with 
Collision Detection (CSMA/CD) Access Method and Physi 
cal Layer Speci?cations, Amendment: Physical Layer and 
Management Parameters for 10 Gb/s Operation, Type 
lOGBASE-LRM, referred to herein as IEEE 802.3aq/D4.0 or 
LRM, and incorporated by reference. The use of EDC in the 
receiver allows communication over longer distances and/or 
use of lower cost components. Some of the added waveform 
distortions can be corrected in the EDC receiver. However, 
an EDC receiver generally requires linear signaling between 
the dispersion mechanism (e.g., the ?ber) and the equalizer 
that performs the EDC function. 

[0008] Standards play an important role in networking and 
communications. Since components in the network may 
come from different vendors, standards ensure that different 
components will interoperate with each other and that over 
all system performance metrics can be achieved even when 
components are sourced from different vendors. For 
example, standards for receivers can be used to ensure that, 
when compliant transmitters are combined with a compliant 
channel and a compliant receiver, the overall link will meet 
certain minimum performance levels. As a result, manufac 
turers of receivers typically will want to test their receivers 
for compliance with the relevant standards as part of their 
quali?cation or production processes. 

[0009] In the context of approaches such as LRM, the 
receiver may be divided into a module that contains the O/E 
conversion (e.g., a photodetector) and a host for the module. 
For convenience, these will be referred to as the receiver 
module and host receiver, respectively. If the EDC capability 
resides in the host receiver, then the O/E receiver module 
preferably is linear. However, the O/E module and the host 
may come from different vendors. Alternately, a system 
integrator may purchase O/E modules from a supplier for 
integration into its own host. Regardless of how it is 
assembled, in order for the overall receiver to be compliant, 
the O/E receiver module and corresponding host receiver 
together must be compliant. Current standards such as LRM 
may de?ne a single standard for the receiver as a whole, 
without allocating requirements between the receiver mod 
ule and the host receiver. In addition, EDC drives the need 
for a linear O/E module but EDC is a relatively new 
proposal. Older standards may provide separate speci?ca 
tions for the O/E module and host, but they typically are 
oriented towards hard-limited O/E modules rather than 
linear ones. In hard-limited O/ E modules, if the input signal 
is above a threshold (nominally set at the average value of 
the signal), the output is at a logic one (high) level; whenever 
the signal is below the threshold, the output it at a logic Zero 
(low) level. Hard-limited O/E modules are not linear. 

[0010] Thus, there is a need for a receiver testing and 
compliance measurement technique for communications 
links, including for example 10 G optical ?ber communi 
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cations links, Where the linear receiver module and the host 
receiver (Which includes EDC) can be tested and quali?ed 
independently. 

SUMMARY OF THE INVENTION 

[0011] The present invention overcomes the limitations of 
the prior art by providing separate tests for the linear 
receiver module and the host receiver. In one embodiment, 
the receiver module is characterized With respect to noise 
and distortion. The noise performance can be determined by 
applying a test signal to the receiver module under test, 
measuring the output Waveform, and comparing the noise in 
the output to the noise in the input. The increase in noise is 
a measure of the noise added by the receiver module. The 
noise measurements preferably do not use averaging (Which 
Would suppress noise effects) and preferably do use tech 
niques that avoid the inclusion of (deterministic) distortion, 
such as using histograms on portions of the Waveform that 
are “?at” or by subtracting the variance of the signal. In one 
embodiment, the noise metric is relative noise added by the 
receiver module, denoted RNM Where the subscript M refers 
to the receiver module. Generically, relative noise in this 
case is de?ned as the reciprocal of Q factor, Which is a 
measure of signal to noise performance. In an alternate 
embodiment, Q factor is used as the noise metric. 

[0012] The distortion performance can be determined by 
using a reference host receiver that includes an equalizer. In 
one embodiment, the distortion metric is based on a Wave 
form and dispersion penalty (WDP). WDP for a signal is 
de?ned as the difference (in dB) betWeen a reference signal 
to noise ratio (SNR), and the equivalent SNR at the slicer 
input of a reference decision feedback equalizer (DFE) host 
receiver for the signal. WDP is a measure of distortion in the 
signal. The distortion performance of the receiver module is 
characterized by a differential Waveform and dispersion 
penalty (dWDPM), Which is the difference betWeen the WDP 
of a test signal applied to the receiver module and the WDP 
of the resulting output from the receiver module. The 
distortion measurements (such as dWDPM) preferably use 
averaging of the deterministic signal/Waveform in order to 
avoid the effects of noise. 

[0013] In one approach, a test signal is applied to the 
receiver module under test, and both the incoming test signal 
and the output from the receiver module are sampled using 
standard test equipment. The captured Waveforms are pro 
cessed through a softWare simulation of the reference host 
receiver (Which includes an equalizer) to yield estimates of 
the tWo WDP values. These in turn can be used to calculate 
dWDPM by their difference. The use of a standard softWare 
simulation of the reference host receiver avoids the dif? 
culties inherent With a hardWare receiver (although hardWare 
references could also be used) and alloWs a more accurate 
and repeatable measurement. 

[0014] The noise and distortion measurements can be 
combined in different Ways to de?ne a standard for the 
receiver module. Using RNM and dWDPM as an example, 
one standard may set a maximum level for RNM and an 
independent maximum level for dWDPM. As another 
example, the standard may de?ne alloWable tradeolfs 
betWeen RNM and dWDPM, Where good performance of one 
parameter Would alloW relaxed performance of the other and 
vice versa. In one approach, a contour of constant bit error 

Feb. 15, 2007 

rate (BER) may be de?ned in RNM-dWDPM space. Receiver 
modules that lie on this contour or have better performance 
are compliant. In yet another approach, the de?nition of 
dWDPM may include the effects of noise in the receiver 
module. In this approach, While the standard may be de?ned 
only in terms of dWDPM, noise performance is also 
accounted for indirectly through the de?nition of dWDPM. 
That is, de?ned in this Way, dWDPM is a hybrid metric of 
distortion and noise. 

[0015] The host receiver is tested in effect by using a 
reference receiver module. If the standard speci?es test 
signals for the receiver (i.e., at the input of the receiver 
module), an intermediate test signal can be generated by 
adding effects of the receiver module. The intermediate test 
signal can then be applied to test the host receiver. For 
example, if the standard puts maximum limits on the RNM 
and dWDPM of the receiver module, the test signal (Which 
may already contain certain impairments) can be further 
degraded by these maximum amounts of noise and distor 
tion. The resulting intermediate test signal can be applied to 
the host receiver. The BER (or other performance metric) of 
the host receiver might then be used to determine Whether 
the host receiver complies With the standard. 

[0016] Other aspects of the invention include methods and 
devices corresponding to the techniques described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] The invention has other advantages and features 
Which Will be more readily apparent from the folloWing 
detailed description of the invention and the appended 
claims, When taken in conjunction With the accompanying 
draWings, in Which: 

[0018] FIG. 1 is a block diagram of one implementation of 
a 10 G optical ?ber communications link With equalization. 

[0019] FIG. 2 is a block diagram of one implementation of 
an SFP+ transceiver module and corresponding host. 

[0020] FIG. 3 is a block diagram of an example commu 
nications link suitable for use With the invention. 

[0021] FIG. 4 is a block diagram of an example test system 
according to the current invention. 

[0022] FIG. 5 illustrates a noise and distortion model for 
determining the noise and/or distortion performance of a 
receiver module. 

[0023] FIG. 6 is a block diagram of an example WDP test 
system according to the invention. 

[0024] FIG. 7 is a block diagram of one model of a test 
system for determining the distortion performance of a 
receiver module. 

[0025] FIG. 8 is block diagram of a feedforWard ?lter With 
a tap to adjust a constant offset. 

[0026] FIG. 9 is a diagram illustrating an example tradeolf 
approach that could be taken by various standards to alloW 
a Wider range of performance betWeen noise and distortion 
of the receiver module. 

[0027] FIG. 10 is a block diagram of an example test 
system for testing a host receiver. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0028] FIG. 1 shows a 10 G optical ?ber communications 
link 100 With Electronic Dispersion Compensation (EDC). 
The link 100 includes a transmitter 105 coupled through 
optical ?ber 110 (the channel) to a receiver 120. A typical 
transmitter 105 may include a serializer, or parallel/serial 
converter (P/S) 106 for receiving 10 G data from a data 
source on a plurality of parallel lines and providing serial 
data to a 10 G laser driver 108 via a clock and data recovery 
unit 107. The driver 108 then drives a 10 G laser source 109, 
Which launches the optical Waveform carrying the digital 
data on optical ?ber 110. 

[0029] On the receive side, a typical receiver 120 includes 
a 10 G photodetector 111 for receiving and detecting data 
from the optical ?ber 110. The detected data is typically 
processed through a 10 G transimpedance ampli?er (TIA) 
112, an equalizer (Which applies the EDC correction) 113, 
and a 10 G clock and data recovery unit 114. The compo 
nents before the equalizer 113 preferably have an aggregate 
response that is linear in order to reduce degradation of the 
equalizer 113 performance. The recovered data may then be 
placed on a parallel data interface through a serial/parallel 
converter (S/P) 115. 

[0030] In many applications, the electronic and optical 
components at each end of the link are housed in a trans 
ceiver module. In some applications, these modules are ?xed 
to a host circuit board, and in other applications they are 
“pluggable” modules that can be inserted into and removed 
from a cage (or socket) that is ?xed to the host circuit card. 
Multi-Source Agreements (MSAs) have been developed to 
achieve some degree of interoperability betWeen modules 
from different manufacturers. Example MSAs include XFP 
and SFP+, in Which the 10 Gbps electrical I/O interface to 
the host is serial, and X2, XPAK, and XENPAK, in Which 
the 10 Gbps electrical interface to the host is parallelized 
doWn to four lanes in each direction. In most current MSAs, 
the transceiver module may contain a fair number of com 
ponents: parallel to serial converter, transmit CDR, laser 
driver and laser on the transmit side; and photodetector, 
transimpedance ampli?er, equalizer, receive CDR and serial 
to parallel converter on the receive side. 

[0031] FIG. 2 shoWs a block diagram for a neW MSA: 
SFP+ transceiver module 250. The SFP+ next-generation 
form factor promises to be smaller, burn less poWer, require 
feWer components and be less expensive. This is because the 
MSA dictates that feWer components are included in the 
transceiver module 250 itself: typically a laser driver 108 
and laser 109 in the transmit path; and a photodetector 111, 
transimpedance ampli?er 112 and maybe some type of 
post-ampli?er 117 in the receive path. These modules are 
envisioned for systems in Which other shared functions 
(such as P/ S and S/P conversions, EDC and CDR) reside on 
the host circuit board 260. Moving functions outside the 
transceiver module 250 reduces size, cost and poWer con 
sumption of the module. 

[0032] In the context of MSAs such as SFP+, the receiver 
includes a portion of the transceiver module 250 and a 
portion of the host 260. For convenience, these portions Will 
be referred to as the O/E receiver module (or just receiver 
module) and the host receiver, respectively, although the 
terms receiver module and host receiver are not intended to 
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be limited to transceivers. The transceiver module 250 and 
host 260 may come from different vendors. Altemately, a 
system integrator may purchase transceiver modules 250 
from a supplier. Therefore, it is desirable to be able to test 
the linear receiver module and the host receiver for com 
pliance separately. 

[0033] FIG. 3 is a more general block diagram of a 
communications link 300 suitable for use With the current 
invention. FIG. 3 shoWs a unidirectional link but most actual 
systems are bidrectional. The link 300 includes a transmitter 
305 coupled through a channel 310 to a receiver 320. The 
receiver 320 includes a receiver module 350 coupled to a 
host receiver 360. The overall system 300 may suffer from 
various impairments in transmitting data from the transmit 
ter 305 to the receiver 320. The host receiver 360 includes 
equalization 313 to correct for impairments arising from the 
channel 310. Accordingly, the receiver module 350 ideally is 
linear, for example a linear O/ E converter. The transmitters 
305, channels 310 and receivers 320 may be various types, 
depending on the end application. MicroWave, RF, cable, 
and optical ?ber are some examples of different media for 
the channel 310. Different types of modulation may be used 
by the transmitter 305. Some examples are on-olf keying 
(most commonly NRZ), QAM, PSK, and OFDM. Similarly, 
the receiver 320 can also take the various forms correspond 
ing to these different modulation formats. As described 
previously, the receiver module 350 and host receiver 360 
may be provided independently. Accordingly, it is desirable 
to be able to independently test the receiver module 350 and 
the host receiver 360 for compliance With standards. 

[0034] Described beloW is a speci?c example based on 
IOGBASE-LRM. The invention is not limited to this stan 
dard or this data speed. It can also be used for other 10 G 
systems and/or for non-l0 G systems (e.g., 8 G Fibre 
Channel, as Will be documented in FC-PI-4). In this case, the 
ideal receiver module 350 is a noiseless, distortionless, 
linear O/E converter. 

[0035] An ideal receiver module 350 Will convert the 
incoming optical signal into an electrical signal With no 
change to the optical signal’s Waveshape or its signal-to 
noise ratio (SNR). The output of the ideal receiver module 
350 Would be an electrical signal that bears a perfect linear 
relationship to the incoming optical signal (e.g., output 
electrical voltage is a linear function of the input optical 
intensity), With no added noise. HoWever, any real receiver 
module Will cause some amount of distortion of the Wave 
shape and Will add noise to the signal. Examples of distor 
tion include ?ltering and nonlinearities (any change in 
amplitude and/or phase of the signal spectrum, Whether 
caused by a linear or nonlinear process). Thus, one Way to 
characterize the quality of a receiver module is to quantify 
its noise performance and its distortion performance. 

[0036] FIG. 4 is a block diagram of a test system accord 
ing to the current invention. The purpose of the test system 
is to test the receiver module, for example for compliance 
With a speci?c standard. As shoWn in the bottom diagram of 
FIG. 4, a tester 430 generates a test signal 440, Which is 
applied to the receiver module under test 450. The test signal 
440 typically is based on a data test pattern (e.g., a test 
pattern of l ’s and O’s). Many standards currently specify test 
signals for the receiver as a Whole (i.e., receiver module plus 
host receiver) and these receiver test signals may be used as 
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the test signal 440 for the receiver module. The receiver 
module 450 produces an output 462, Which is measured by 
a signal measurement device 465, for example a sampling 
oscilloscope. The measured Waveform 462 may be stored in 
some medium 467, for subsequent retrieval and processing. 
Altemately, the measured Waveform 462 could be used 
immediately to determine the noise or distortion perfor 
mance of the receiver module 450. 

[0037] The test signal 440 may also be measured Without 
the receiver module, as shoWn in the top diagram of FIG. 4, 
or otherWise processed and/or provided in a form suitable as 
a “reference” test signal 442 to alloW comparison With the 
output Waveform 462 produced by the receiver module. 

[0038] For example, if the raW test signal 440 is optical 
and the receiver module 450 converts the incoming optical 
signal to an electrical output Waveform 462, then the cor 
responding “reference” test signal measured in the top 
diagram could be an electrical version 442 of the optical test 
signal 440 Where the O/ E converter 455 is linear. The actual 
form of the “reference” test signal 442 and the processing 
applied to the test signal 440 to produce the “reference” test 
signal Will vary depending on the speci?c measurement 
being made. The ideal O/E converter 455 shoWn in FIG. 4 
is merely as an example. 

[0039] The reference test signal 442 and output Waveform 
462 can be measured at different times. For example, the test 
signal 440 can be applied to the top diagram of FIG. 4 at a 
different time than When it is applied to the bottom diagram. 
Altemately, the test signal 440 may be split into tWo signals, 
one that produces the output Waveform 462 and another that 
produces the reference test signal 442. These tWo signals 
442 and 462 could be measured at the same time, for 
example by a dual input oscilloscope. 

[0040] FIG. 5 illustrates a noise and distortion model for 
determining the performance of the linear receiver module 
450. In this example, the test signal is on-olf keyed, NRZ 
sWitching betWeen 0 and 1. Beginning With the noise per 
formance, for the incoming signal, the 0 level has a mean 
optical poWer of P0 With rms noise of (IPO, and the 1 level 
has a mean optical poWer of P1 With rms noise of 0P1. 
Similarly, the output electrical signal has mean voltages 
levels of V0 and V1, and rms noise of 0V0 and 0V1, 
respectively for 0 and l. The optical modulation amplitude 
(OMA) and voltage modulation amplitude (V MA) can then 
be de?ned as OMA=P1—P0 and VMA=V1—V0. The gain G 
of the linear receiver module is given by G=VMA/OMA. 

[0041] In the context of IOGBASE-LRM measurements, 
in some cases, for example at the end of an optical ?ber With 
dispersion, the values of P1 and P0 may not be Well-de?ned. 
Accordingly, repeating loW frequency square Wave patterns 
are often used for testing. A typical loW frequency square 
Wave pattern might have eight contiguous l’s folloWed by 
eight contiguous O’s, Where the actual number of l ’s and O’s 
must be suf?ciently long to alloW the optical levels to settle 
to their steady state values. These test patterns are com 
monly referred to as OMA patterns 425. VMA measure 
ments generally are made in a similar manner With the same 
patterns. 

[0042] The noise performance at the input and output of 
the receiver module 450 can be de?ned by the Q factor 
(Which is one measure of signal to noise) 
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Here, OP is the RMS value of 0P1 and (IPO. That is, 
oJP=((oPl2+oPO2)/2)1/2. Similarly 0V is the RMS value of 
0V1 and 0V0 (Note that Eqn. 1 de?nes the Q factor slightly 
differently from the usage in Eqn.68-2 of 802.3aq. 802.3aq 
uses the linear average of 0P1 and (IPO for UP. The tWo 
de?nitions are equivalent When OPI=OPO.) NoW introduce 
the concept of relative noise RN as 

RNX=1/QX. (2) 

Applying this to the input and output signals yields 

RN;n=1/Qin=20P/0MA (3) 

[0043] The objective is to determine the impairing effect 
that the receiver module has on RNOut. Let (IMO and 0M1 be 
the noise introduced by the receiver module at its output, for 
the 0 and 1 levels, respectively, and let OM be the RMS 
values of 0M1 and (IMO. Then, assuming that the input noise 
and the receiver noise are statistically independent 

Multiplying each term by 4/(VMA)2, substituting With Eqns. 
3 for (IV and GP, and simplifying yields 

(RNout)2=(RIVin)2+4(0M)2/ ( VMA? (5) 
[0044] The rightmost term is the impairment due to the 
noise added by the receiver module. De?ne the relative noise 
added by the receiver module as 

RNM=2oM/VMA (6) 

Then, Eqn. 5 can be rearranged to yield 

RNM=Sqn{(RNom)2_(RNin)2} (7) 

If the test pattern 440 is essentially noiseless, then RNiDzO 
and Eqn. 7 reduces to 

[0045] Eqn. 8 Was developed under several simplifying 
assumptions but similar results can be developed Without 
making the simplifying assumptions. The general result is 
that the noise contribution of the receiver module (expressed 
as RNM in this case) can be determined based on measure 
ments of the output Waveform 462, and possibly also mea 
surements 442 of the incoming test signal 440 (for example 
if the incoming Waveform is not relatively noiseless). 

[0046] The receiver module 450 under test generates a 
corresponding output electrical signal 462, Which is mea 
sured by a sampling oscilloscope 465. The output noise 
preferably is measured With the receiver module 450 oper 
ating in its normal range. For example, if the receiver 
module has automatic gain control, the incoming OMA 
pattern 440 should be set so that the receiver module 450 is 
operating in its intended range. Otherwise, the noise levels 
and bandWidth may not represent actual operation. The 
optical test pattern 440 can also be measured before passing 
through the receiver module, preferably using an appropriate 
optical head for O/E conversion (With a fourth-order Bessel 
Thomson response in the case of LRM). 

[0047] In one approach, RNM is determined based on a 
vertical histogram for the output voltage level for l, and on 
a separate histogram for 0. Both the signal (Vx) and noise 
magnitudes (ovx) are measured. In this approach, the his 
tograms are located and set to avoid measuring variations in 
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the deterministic portion of the signal. Preferably, a ?at and 
stable portion of the Waveform is used. 

[0048] Another option for measuring the noise magnitude 
is the folloWing. The variance of the entire test signal (both 
0’s and 1’s together) is measured. This includes the vari 
ances of both the signal (including any deterministic distor 
tions) and the noise. Secondly, the variance of the entire test 
signal With averaging turned on is measured. In this case, the 
variance includes the variance of only the signal (and 
deterministic distortions) since the noise Will be suppressed 
by the averaging. The square root of the difference is 
calculated. The difference Will be the variance due to the 
noise, and the square root Will provide the rms value of the 
noise. This method for noise measurement assumes a sin 
gular noise value that is independent of logic level (consis 
tent With the above derivation, When it is assumed that 

[0049] As described above, the tester 430 preferably is 
essentially noiseless so that RNOut>>RNin. Such a source can 
be accomplished, for example as de?ned in FIG. 68-10 in 
802.3aq With the Gaussian noise source disabled or simply 
not used, as illustrated in FIG. 68-13. In this case, Eqn. 8 can 
be used (assuming the other simpli?cations are correct). 
When it is not true that RNOut>>RN- Eqn. 7 should be used. 

[0050] Measurements that have instrumentation character 
istics preferably are calibrated and/or compensated so that 
error is not introduced into the measurement. For example, 
a recommended approach for measuring the incoming opti 
cal test signal 440 includes measuring the measuring instru 
ment 465’s dark noise With no light entering the input. 
Designate the measured rms noise With no input as opdark. 
Similarly, for measurements of the output Waveform 462, 
the oscilloscope 465’s electrical noise can be measured With 
the input(s) terminated by a matching impedance (typically 
50 ohms). Designate the measured rms noise With no input 
as ovNosignal. Then, the terms GP and 0V used above can be 
replaced by sqn{(oP)2-(<:Pd..k>2} and sqmwvr-(omsi 
gna)2}, respectively to compensate for the effects of instru 
ment noise. 

[0051] Moving noW to the measurement of distortion 
introduced by the receiver module, FIG. 6 is a block diagram 
of a softWare test system according to the invention. In FIG. 
6, a softWare simulator 470 accesses the Waveform 462 
captured from the output of the receiver module 450 under 
test. In this example, the Waveform 462 Was previously 
captured and stored in media 467, although that is not 
required. The simulator 470 is designed to simulate the 
equaliZer of a reference host receiver 474. The softWare 470 
processes the Waveform 462 to simulate propagation of the 
Waveform through the reference host receiver 474. A dis 
tortion metric 476 for the Waveform is calculated based on 
the simulated propagation. The data test pattern 425 may be 
used as an input to the softWare simulator 470. 

[0052] In one approach, a reference test signal 442, Which 
represents the input to the receiver module under test 450, is 
also applied to the softWare simulator (in FIG. 6, replace 
output Waveform 462 With input Waveform 442) to yield a 
distortion metric for the input Waveform. The relationship of 
the reference test signal 442 to the raW test signal 440 may 
vary, depending on the standard being tested. The distortion 
metric for the receiver module is determined by comparing 
the distortion metric for the input Waveform 442 and that for 
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the output Waveform 462. The change in distortion metric is 
attributable to the receiver module 450 under test. 

[0053] The folloWing example describes a test methodol 
ogy Where the distortion metric is based on the Waveform 
and Dispersion Penalty (WDP). WDP is based on similar 
concepts as the TWDP metric developed for transmitters, 
but applied to other points in the communications link, 
including the receiver module. For a further description of 
TWDP, see US. patent application Ser. No. 11/316,115, 
“Testing Of Transmitters For Communication Links By 
SoftWare Simulation Of Reference Channel And/Or Refer 
ence Receiver,” ?led Dec. 21, 2005, Which is incorporated 
herein by reference. One difference from TWDP is that the 
internal dispersive stressor/channels in TWDP are removed 
and replaced With a no-dispersion identity channel, as 
described in LRM’ s text for calibration of the TP3 test signal 
in clause 68.6.9.3. 

[0054] The WDP for a signal X is de?ned as 

WDPX=SNRRH-SNRX (dBo) (9) 

Where SNRREF is a reference signal to noise ratio (SNR), 
expressed in optical dB (dBo), and SNRX is the equivalent 
SNR in dBo for a signal X measured at the slicer input of the 
reference decision feedback equaliZer (DFE) receiver for the 
measured Waveform after propagation through a reference 
host receiver. In this particular example, SNRREF is the SNR 
that Would be realiZed by an ideal matched ?lter receiver if 
the received Waveform Were an ideal rectangular NRZ 
Waveform With amplitude OMA and the receiver had addi 
tive White Gaussian noise (AWGN) of spectral density NO. 

[0055] The distortion metric for the receiver module is 
given by the Differential Waveform and Dispersion Penalty 
(dWDP) 

dWDPM= WDPom- WDPin (dBo) (10) 

Where WDPout is the WDP for the signal 462 output by the 
receiver module 450 under test and WDPin is the WDP for 
the signal 442. In the case of LRM, the reference test signal 
442 is produced by passing the raW test signal 440 through 
an O/E converter 455 With a prede?ned spectral response 
(speci?cally, a 7.5 GHZ 4Lh-order Bessel-Thomson in the 
case of LRM). Substituting Eqn. 9 into Eqn. 10 yields 

dWDPM=SNRin—SNRom (dBo) (11) 

Where the tWo SNR values are the SNR measured at the 
slicer input of the reference host receiver for the input and 
output signals, respectively. 

[0056] In one approach, in a preferred embodiment, the 
tWo SNRX values (and hence also dWDPM) is calculated by 
MATLAB code as illustrated in FIG. 7. The simulator 570 
shoWn in FIG. 7 is similar to that used in the calculation of 
TWDP, but the internal dispersive channels in TWDP are 
replaced With an identity channel. Thus, the equaliZer 584 
effectively becomes the entire reference host receiver. Simu 
lators other than the one shoWn in FIG. 7 can also be used. 
For example, an electrical channel can be added to the 
simulator to represent the reference host receiver’s PR4 
and/or IC package. The electrical channel could be added 
before or after the noise model 577. 

[0057] In addition, various noise models 577 (e.g., differ 
ent magnitudes and/or spectra) can be used to account for 
different effects and more than one noise source could be 
used. Generally speaking, there are multiple noise sources in 
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a communications link, for example at the transmitter, ?ber, 
receiver module and host receiver. The SNR at the slicer is 
affected by all of these noise sources, and the noise gener 
ated by these sources Will pass through to the slicer With 
some magnitude and spectrum. All of these noise sources 
should be accounted for in order to get the most accurate 
result for WDP, and one approach is to use a noise model 
577 that accounts for these different sources. In order to 
locate all the noise sources into one location in the host 
receiver model (577) in the most accurate manner, the effects 
of upstream ?ltering and gains/losses for each noise source 
should be accounted for in determining the aggregate noise 
poWer spectral density. 

[0058] HoWever, there typically is a tradeolf betWeen 
accuracy and simplicity. More accurate models may intro 
duce unWanted complexity. For example, in an alternate 
approach, the noise model 577 could be a single White noise 
source. This simpli?es the model 577 and accuracy sufficient 
for testing could be retained in a number of Ways. For 
example, the White noise source could be selected to have 
the same characteristics (With respect to the test) as the 
aggregate of the underlying noise sources. For example, the 
White noise source could be selected to have the same 
overall noise poWer or the same loW frequency noise poWer 
density. Altemately, the White noise source could be selected 
to produce more conservative results than the aggregate 
underlying noise sources. 

[0059] Waveform 552 (Which is either the input signal 442 
or output signal 462, depending on Which SNR is being 
calculated) is digitiZed and captured 563. The oscilloscope is 
set to capture at least one complete cycle of the periodic 
signal 550 With at least seven samples per unit interval. The 
number of samples per unit interval is not critical as long as 
the sampling rate is high enough to capture the high fre 
quency content of the signal Without aliasing. 

[0060] The inputs to the softWare simulator 570 include 
the following: 

[0061] The captured Waveform 568, Which, in this spe 
ci?c example, is one complete cycle of the digitiZed 
Waveform 566 With an integer number of samples per 
bit period or unit interval4e.g., one complete cycle of 
the Waveform resulting from a periodic test signal. In 
some cases, the digitiZed Waveform 566 is pre-pro 
cessed (e.g., re-sampled, truncated and/or aligned With 
the underlying data test pattern, as necessary) to pro 
duce the captured Waveform 568. In other cases, pre 
processing may not be necessary and the digitiZed 
Waveform 566 can be used directly as the captured 
Waveform 568. In a preferred embodiment, the cap 
tured Waveform 568 has 16 samples per unit interval. 
The number of samples per unit interval is not critical 
as long as the sampling rate is high enough to represent 
the high frequency content of the signal Without alias 
mg. 

[0062] One complete cycle of the test data pattern 542 
used to generate the captured Waveform 568. The test 
data pattern 542 and the captured Waveform 568 are 
aligned (i.e., a rectangular pulse train based on the test 
data pattern 542 is aligned in time With the captured 
Waveform 568 Within one unit interval). The test data 
pattern 542 has period N (e.g., 511 for PRBS9) and one 
cycle is denoted {x(n)}, Where OénéN-l. 
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The preprocessing steps of re-sampling, truncation to one 
complete cycle, and alignment With the test data pattern are 
shoWn performed in block 567 outside the simulator 570 and 
outside the sampling oscilloscope 565. Alternatively, some 
or all of these steps may be performed as part of the 
simulator 570, or inside the sampling oscilloscope 565, or as 
part of the digitiZation and capture 563. 

[0063] In a preferred embodiment, the captured Waveform 
568 is processed by the softWare simulator 570, as folloWs: 

[0064] l. The captured Waveform 568 is normaliZed 571. 
The OMA (for input signal 442 or VMA for output signal 
462) and baseline (steady state Zero level) of the Waveform 
568 are either measured separately and entered as inputs to 
the algorithm, or alternatively they are estimated from the 
captured Waveform. The Zero-level (baseline) is subtracted 
from the Waveform 568 and the Waveform is scaled such that 
the resulting OMA (or VMA) is 1. Thus, the normaliZed 
Waveform has a baseline of 0 and an OMA (or VMA) of 1. 
In the LRM case, No is set such that SNRREF of Eqn. 9 is 
14.97 dBo. 

[0065] 2. The normaliZed Waveform plus noise 577 is 
passed through an antialiasing ?lter 573. A fourth-order 
ButterWorth ?lter of bandWidth 7.5 GHZ is used in this 
example. An alternative embodiment Would omit the anti 
aliasing ?lter 573 but Would instead ?lter the Gaussian noise 
577 before adding it to the receiver module output 576. 

[0066] 3. The output signal from the antialiasing ?lter 573 
is sampled 574 at rate 2/T With sampling phase 4). An 
alternate embodiment using a matched ?lter and a rate l/T 
sampler is described beloW. The sampler output 575 is 
denoted y¢(nT/2), Which has a deterministic component and 
a random component given by 

The sequence {r(n)} is the deterministic sampled version of 
the ?ltered output of the receiver module; it is periodic With 
period 2N. The sequence {n(n)} is a discrete-time noise 
sequence Which is obtained by passing the AWGN through 
the anti-aliasing ?lter and sampling. 

[0067] 4. The sampled signal is processed by a fraction 
ally-spaced MMSE-DFE receiver 584 With Nf feedforWard 
taps (at T/2 spacing) 585 and Nb feedback taps 586. For 
example, Nf can be set to 14 and Nb can be set to 5. The use 
of 14 feedforWard taps and 5 feedback taps are example 
settings; the number of taps can be different depending on 
the desired capabilities of the reference DFE receiver. The 
feedforWard ?lter is optionally augmented With an extra 
(Nf+lth) tap that adjusts to optimiZe a constant offset, as 
shoWn in FIG. 8 and described more fully beloW. The 
feedforWard and feedback tap coefficients are calculated 
using a least-squares approach that minimiZes the mean 
squared error at the slicer 578 input for the given captured 
Waveform, assuming the noise poWer spectral density NO is 
set as described above. 

[0068] FIG. 7 shoWs the channel and equaliZer model used 
for the least-squares calculation. The reference DFE consists 
of a feedforWard ?lter {W(0), . . . ,W(Nf—l)}, an optional 

constant offset coef?cient W(Nf) (as shoWn in FIG. 8), and 
a feedback ?lter {B(l), . . . ,B(Nb)}. A conventional DFE 

Would feedback decisions In this case, the decisions 
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are assumed to be correct and the decided bits are therefore 
replaced With the transmitted bits {x(n)}. While a ?nite 
length equalizer is shown in this example, an alternate 
embodiment Would include an in?nite length equalizer, 
performance of Which could be computed analytically. 

[0069] The feedback ?lter 586 is symbol spaced and 
strictly causal, feeding back the Nb bits prior to the current 
bit x(n). The input sequence on Which the slicer makes 
decisions is denoted {z(n)}, Where 

Eqn. 12 includes the term W(Nf), Which is the optional 
constant offset coef?cient for automated offset compensa 
tion; Without offset compensation, W(Nf) Would be absent 
(or set to 0). In Eqn. 12, D is an integer such that the number 
of anticausal T/2-spaced taps in the feedforWard ?lter is 2 D. 
While the feedforWard ?lter is modeled as having anticausal 
taps, a practical equalizer Would delay decisions by DT so 
that the overall system is causal. DT is referred to as the 
equalizer delay. Sometimes the equalizer delay is expressed 
as the number of feedforWard anticausal taps, 2 D. 

[0070] The least-squares solution for the feedforWard and 
feedback ?lters minimizes the quantity 

MSE=E 
Nil 

2 (an) — war] 

Where the expectation operator, E, refers to the random noise 
at the slicer input, Which results from the additive Gaussian 
noise 577, ?ltered through the antialiasing ?lter 573, 
sampled 574, and ?ltered by the feedforWard ?lter 585. 
(Here MSE is actually Ntimes the mean-squared error When 
averaged over the input sequence {x(n)}.) The algorithm 
?nds the optimal Wvector, B vector, and equalizer delay DT 
such that the mean-squared error is minimized in an ef?cient 
manner, for example as described in P. A. Voois, I. Lee, and 
J. M. Ciof?, “The effect of decision delay in ?nite-length 
decision feedback equalization,”IEEE Transactions on 
Information Theory, vol. 53, pp. 618-621, March 1996, 
Which is incorporated herein by reference. The optimal 
sampling phase 4) for the T/2 sampler is found by a 
brute-force search over the 16 sampling phases in the unit 
interval. Note that for a suf?ciently long equalizer, that is, 
for Nf and Nb suf?ciently large, the MSE is insensitive to 
sampling phase and equalizer delay. In that case, the number 
of anticausal taps 2D can be set to Nf/2, for example, and 
optimization over D and 4) can be omitted. Further details of 
the mean squared error (MSE) minimization are given 
beloW. 
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[0071] 5. Once the MSE is minimized by ?nding the 
optimal sampling phase, equalizer delay, and tap coeffi 
cients, the bit-error rate is calculated by the semi-analytic 
method. In an actual receiver, the slicer Would make binary 
decisions on its input based on Whether the input is greater 
than or less than the slicer threshold. The probability of 
making an error depends on the amplitude of the input 
signal, the statistics of the input noise, and the threshold of 
the slicer, Which for this example is set to 1/z. The overall 
bit-error rate is calculated as folloWs: 

[0072] a. The Gaussian noise variance at the input to the 
slicer 578 is calculated. 

[0073] b. For each bit in the data test pattern, the 
equalized input signal to the slicer 578 is calculated and 
the probability of error calculated based on the ampli 
tude of the input signal, the variance of the input noise, 
and the threshold value. 

[0074] c. The probabilities of error are averaged over all 
bits in the data test pattern to compute a total probabil 
ity of error BERX. 

[0075] 6. The equivalent SNR in optical dB is derived 
from the BERX according to 

[0076] 7. The dWDPM for the receiver module under test 
is equal to the difference (in optical dB) betWeen WDPOut 
and WDPin, Which can be equivalently calculated as the 
difference betWeen SNRin and SNR as shoWn in Eqn. 11 
above. 

out 

[0077] There are additional alternate embodiments that are 
related to the example algorithm described above. For 
example, the algorithm described above minimizes MSE at 
the slicer input, since that is hoW most practical equalizers 
are implemented. Alternatively, the reference receiver could 
minimize bit error rate (BER) or some other performance 
metric to compute the receiver module penalty. Minimiza 
tion of BER Would not necessarily result in the same penalty 
as that computed by minimizing mean squared error. 

[0078] Automated offset optimization is noW discussed in 
additional detail. In one embodiment, the WDP algorithm 
corrects for inaccuracies in the estimated value of the 
baseline (or steady state zero level). This automated offset 
method makes the reported WDP (or SNR) value indepen 
dent of estimation error in the baseline. In fact, it obviates 
the need to measure a baseline at all provided the ratio of 
baseline value to OMA is not unreasonably large. After 
OMA normalization and subtraction of the estimated base 
line, the resulting normalized Waveform has target signal 
values of “0” and “1”. The slicer threshold for BER deter 
mination is set at 1/z. An error in baseline estimation such that 
the resulting Waveform is improperly offset and not centered 
about 1/2 Will result in a higher BER than if the offset Were 
optimized. This offset optimization can be alternatively 
vieWed as a threshold optimization. 

[0079] The automated offset optimization can be accom 
plished by extending the vector of feedforWard equalizer tap 
coef?cients by 1. The additional tap is not fed by a delayed 
version of the received signal, but is instead fed by the 
constant 1. FIG. 8 shoWs an example feedforWard ?lter With 
Nf regular taps and an extra (Nfl-l)Lh tap for offset optimi 
zation. The MMSE tap coef?cients are then calculated in the 
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normal fashion, and the coef?cient of the extra tap essen 
tially gives the offset that minimizes mean squared error 
With the target signal values. While this method has been 
described as adjustment of an extra tap in the FFE to 
minimiZe MSE, other methods could be used to add an offset 
constant, the value of Which is optimized in some sense. For 
example, one alternate method extends the length of the 
feedback tap coef?cient vector by one, feeding that extra 
feedback tap by the constant 1, and computing the offset as 
part of the feedback tap coef?cient vector. 

[0080] FIGS. 4-8 illustrated several examples for quanti 
fying the noise performance and the distortion performance 
of a receiver module, using the quantities of relative noise 
RNM and Differential Waveform and Dispersion Penalty 
dWDPM for the IOGBASE-LRM standard as an example. 
These measurements can be used to determine compliance 
With standards in a number of Ways. 

[0081] In one approach, a standard can set a separate limit 
for RN and for dWDP. In one example shoWn in FIG. 9, 
boundary 910 de?nes the standard. The standard requires 
that RNM§0.033 and dWDPM<0.5 dB. The area of com 
pliance is the rectangular area 912. In an alternate approach, 
the curve 920 de?nes the standard. The region 922 on the 
origin-side of curve 920 is the compliance region. Receiver 
modules that fall Within this area 922 are in compliance. The 
border 920 could be de?ned as a contour of constant BER. 
In other Words, all points along the curve 920 Would have the 
same BER. That BER could be achieved by loWer distortion 
and higher noise, higher distortion and loWer noise, or some 
tradeolf of the tWo. The area inside the curve (i.e., toWards 
the origin) represents loWer BER. 

[0082] In another approach, refer again to FIG. 7. In this 
model for calculating dWDP, the noise source 577 is a 
reference White noise and does not take into account the 
actual noise of the receiver module. In other Words, the noise 
577 used to calculate SNRX (or, equivalently WDPX) is the 
same noise as is used to calculate RNX. Thus, dWDPM 
calculated in this manner is largely independent of the actual 
noise in the receiver module. 

[0083] In an alternate approach, actual noise measure 
ments are used to calculate WDPout in FIG. 7 (and then 
dWDPM). For example, When calculating WDPOut, the noise 
model 577 may be supplemented or replaced by actual noise 
measurements. When calculated in this manner, dWDPM is 
a function of the noise in the receiver module and is a hybrid 
measure of both distortion and noise, rather than primarily 
just distortion. The standard could be de?ned With respect to 
just this one hybrid quantity, for example requiring dWDPM 
measured in this Way to fall beloW a maximum. Alternately, 
the standard could be de?ned With respect to this hybrid 
dWDPM in addition to other measures of distortion and/or 
noise. 

[0084] As another example, the dWDP algorithm 
described above uses a test signal 540 that includes various 
effects from a single optical ?ber reference channel. Alter 
natively, a number of different effects and/or optical ?ber 
reference channels may be simulated by using a set of test 
signals 540. A dWDP is calculated for each test signal. 
Receiver module compliance can be de?ned in terms of the 
collection of dWDP values. For example, compliance can 
require that a certain percentage of the dWDP values be 
beloW some threshold (or meet the speci?c requirements of 
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the standard). In particular, all of the dWDP values could be 
required to be beloW some limit. Alternately, different 
requirements could be de?ned for different reference chan 
nels or classes of reference channels. It Will be readily 
apparent that many different compliance criteria can be 
de?ned, all of Which should be considered Within the scope 
of this invention. 

[0085] The actual quantitative limits for RN and/or dWDP 
(or other measurements of receiver module noise and/or 
distortion) Will depend on the speci?c application and stan 
dard. The folloWing is one example approach for determin 
ing appropriate quantitative limits for LRM. 

[0086] Beginning With RN, during the development of 
?ber optic standards, an optical poWer budget is typically 
developed. The budget generally considers transmit poWers, 
receiver sensitivity, DC losses due to ?bers and connectors, 
AC penalties due to dispersion and noises, and possibly 
some margin. The terms in the budget produce a target Q 
factor (peak to rrns SNR) at the slicer input of the receiver 
that is suf?cient to attain a required BER. With signal 
independent additive Gaussian noise assumptions, for 
example, the target Q factor, Q is 8.47 dB optical to 
attain BER=lE-l2. 

sens’ 

[0087] Receiver sensitivity is a measure of receiver noise 
and is usually de?ned in terms of signal strength of a perfect 
(no noise and no distortion) NRZ input signal With Which the 
target Q factor must be achieved. The signal is commonly 
expressed in units of dBm, OMA, although other units are 
possible. For example, LRM has budgeted a practical 
receiver sensitivity of ~l2.6 dBm, OMA. Standards bodies 
typically assume that the noise magnitude that corresponds 
to receiver sensitivity is independent of the input signal 
level. 

[0088] In LRM, —6.5 dBm is the minimum OMA expected 
in an actual application and sets the minimum OMA used for 
receiver testing. The minimum OMA is (—6.5——l2.6)=6.l 
dB greater than the budgeted receiver sensitivity value. With 
these assumptions for test OMA and sensitivity, and still 
assuming a perfect input test signal With no noise, it is 
expected that 

QminoMA=Qsem+6.l=l4.57 dB (optical). 

Further, assume that the rest of the receiver is perfect and 
that the noise limitation on sensitivity occurs entirely Within 
the receiver module. With the same assumptions, the Q 
factor at the receiver module output Would be 

QM=QmmOMA=1457 dB. 

Since RNM=l/QM, then 

RNM=—14.57 dB=0.035 (14) 

[0089] This is the value imposed on the module receiver to 
just meet the target Q factor requirements of the LRM 
budget. Name this RNmget. Any value of RNM that is loWer 
than this value Would increase SNR and Would be consid 
ered compliant. That is, in one approach, the standard could 
require 

RNM<RNmga (15) 

Where RNM is RN for the receiver module under test and 
RN =0.035. target 

[0090] In practice, the rest of the receiver is not perfect. 
Therefore, the module must perform better than RNtarget so 
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that the entire receiver meets the requirement of RNmget. 
For example, in FIG. 9, the maximum RNM is set at 0.033. 
Further, RNtarget may be dependent on the module’s dWDP 
in a tradeolf scenario. 

[0091] Turning noW to distortion, in the standards budget 
ing process, assumptions about the performance of the 
receiver are made. In the case of equalizing receivers, a 
con?guration and performance such as number of taps, 
resolution, and other attributes may be assumed. This 
receiver is referred to as a reference receiver. If an actual 
receiver has the same properties as the reference receiver, 
and the input signal contains the same signal strength, noise, 
and penalty characteristics as those assumed during the 
budgeting process, then the link should result in the same 
SNR or BER level as in the budget. 

[0092] HoWever, unlike noise performance (e.g., RNM), 
no exact quantitative rule currently exists for setting distor 
tion limits (e.g., dWDPM) for the receiver module. Often, 
distortion performance and the corresponding costs can be 
traded olfbetWeen the receiver module and the host receiver. 

[0093] Assume that the budget has margin M (in dB) for 
the overall system. In some cases, for example LRM, a 
portion MRx of the overall margin is allocated to the receiver 
to alloW for implementation penalties, Where the reference 
receiver that is assumed is better than ones expected in 
practice. With this approach, the actual receiver is alloWed 
up to MRx dB Worse performance than the reference receiver 
While still supporting Q at the slicer input. sens 

[0094] Some of MRX may be allocated to the receiver 
module dWDPM. For example, if MRX=2.5 dB for the 
receiver, 0.5 dB might be alloWed for dWDPM. This Would 
leave 2.0 dB for other receiver implementation penalties, 
MRXOLher. 0.5 dB is merely an example. Other values may be 
chosen depending on receiver module and host receiver 
tradeolfs. The receiver module has consumed some of MRX, 
and so the performance of the host receiver must be accord 
ingly better in order to meet the overall receiver margin 
MRX. This is veri?ed in testing by applying a more stressful 
test signal to the host receiver that includes the distortion 
added by the receiver module, While requiring that the host 
receiver still meet its SNR or BER speci?cations. 

[0095] It is possible to alloW more to dWDPM if the 
speci?cations for the receiver module recogniZe that the 
module’s sensitivity (RNM performance) could be better 
than budgeting expectations. In this situation, it is possible 
that the penalty as seen at the slicer input due to a larger 
dWDPM can be offset by loWer RNM, thus preserving more 
margin for MRXOLher. Likewise, a loWer dWDPM could alloW 
a higher value for RNM, etc. 

[0096] In other cases, it may be expected that actual 
receivers perform better than the reference receiver. In this 
case, there is usually no margin allocated in the original 
budget or for receiver implementation. That is, budget for 
actual receivers may already exist for dWDPM, even though 
not explicitly allocated. This case can be tested by applying 
a more stressful test signal to the host receiver that includes 
the distortion added by the receiver module, While requiring 
that the host receiver still meet its SNR or BER speci?ca 
tions. This effectively forces that the host receiver has a 
better receiver than assumed for the ho st’s reference receiver 
in the budget. 
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[0097] Turning noW to testing of the host receiver, FIG. 10 
is a block diagram of a test system for testing a host receiver. 
Current standards may specify a test signal to be applied to 
the input of a receiver (i.e., the input to the receiver module) 
and a required performance at the output of the receiver (i.e., 
the output of the host receiver). HoWever, the system in FIG. 
10 is intended to test just the host receiver Without a speci?c 
receiver module. 

[0098] This is accomplished in effect by using a reference 
receiver module 1050. For example, if the standard speci?es 
a receiver test signal 1040, then the tester 1030 generates 
this test signal 1040 and the reference receiver module 1050 
adds noise and distortion. The resulting intermediate test 
signal 1055 is then applied to the host receiver under test 
1060. The performance of the host receiver 1060 is com 
pared to the standard to determine Whether the host receiver 
1060 complies. FIG. 10 shoWs the reference receiver module 
1050 as a separate box. This is done to illustrate the net effect 
but the actual implementation may achieve the same effect 
Without a separate reference receiver module 1050. That is, 
test equipment may directly generate the intermediate test 
signal 1055 With similar characteristics to that Which Would 
be produced by a reference receiver When fed by the receiver 
test signal 1040; an actual physical realiZation of the refer 
ence receiver module 1050 may not be implemented in 
practice. 

[0099] For example, to continue the LRM example from 
above, assume that the standard for the receiver module Was 
de?ned by boundary 910 in FIG. 9. That is, RNM<0.033 and 
dWDPM<0.5 dB in order for the receiver module to be 
compliant. Then one approach to testing the host receiver 
1060 is to add the maximum alloWable module noise and 
module distortion (i.e., RNM of 0.033 and dWDPM of 0.5 
dB) to a test signal 1040 speci?ed for the overall receiver. 
The VMA range preferably Would be set over the range 
alloWed by the standard or expected in the ?eld. The 
resulting signal 1055 is then used as the input test signal for 
the host receiver 1160. Usually, the standard may de?ne a 
maximum BER at the output of the host receiver 1160. 

[0100] As another example, if the standard Was de?ned by 
boundary 920 in FIG. 9, the host receiver 1060 could be 
tested by applying different combinations of RNM and 
dWDPM to the receiver test signal 1040, thus testing the host 
receiver at different points along the boundary 920. 

[0101] The detailed description above provides methods 
for testing host receivers and receiver modules that may be 
supplied by different manufacturers. It is possible that these 
methods could form the basis of a standard that de?nes 
compliance criteria to ensure interoperability. Simpli?ed 
tests may be derived for use in production When the results 
of such tests are Well correlated With the results of the tests 
described here. For example, a limit on dWDP may correlate 
Well With a limit on the total harmonic distortion introduced 
by a module, and a simpli?ed total harmonic distortion test 
might be used in production to reduce test time. The scope 
of the current invention is intended to cover such methods 
When the underlying compliance criteria are based of the 
methods described herein. 

[0102] Although the detailed description contains many 
speci?cs, these should not be construed as limiting the scope 
of the invention but merely as illustrating different examples 
and aspects of the invention. It should be appreciated that the 
scope of the invention includes other embodiments not 
discussed in detail above. Various other modi?cations, 
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changes and variations Which Will be apparent to those 
skilled in the art may be made in the arrangement, operation 
and details of the method and apparatus of the present 
invention disclosed herein Without departing from the spirit 
and scope of the invention as de?ned in the appended 
claims. Therefore, the scope of the invention should be 
determined by the appended claims and their legal equiva 
lents. 

What is claimed is: 
1. A method for testing a linear O/E receiver module 

intended for use With a host receiver that includes equaliza 
tion, as the receiver for an optical ?ber communications link, 
the method comprising: 

determining a distortion performance of the receiver 
module; and 

determining a noise performance of the receiver module. 
2. The method of claim 1 Wherein the step of determining 

a distortion performance of the receiver module comprises: 

measuring an output Waveform for the receiver module 
under test, Wherein the output Waveform is generated 
by the receiver module in response to a test signal 
applied to the receiver module; 

processing the output Waveform in softWare, to simulate 
propagation of the output Waveform through a refer 
ence host receiver that includes an equalizer; and 

calculating a distortion metric for the receiver module 
based on the propagated output Waveform. 

3. The method of claim 2 Wherein the equalizer includes 
a decision feedback equalizer comprising a feedforWard 
?lter and a feedback ?lter. 

4. The method of claim 3 Wherein the feedforWard ?lter 
is a fractionally spaced feedforWard ?lter. 

5. The method of claim 3 Wherein the feedforWard ?lter 
includes a tap fed by a constant. 

6. The method of claim 2 Wherein the step of determining 
a distortion performance of the receiver module further 
comprises: 

measuring an input Waveform for the receiver module 
under test, Wherein the input Waveform is based on the 
test signal applied to the receiver module; 

processing the input Waveform in software, to simulate 
propagation of the input Waveform through the refer 
ence host receiver; and 

Wherein the step of calculating a distortion metric for the 
receiver module is further based on the propagated 
input Waveform. 

7. The method of claim 6 Wherein the distortion metric is 
a difference betWeen (a) SNR for the propagated input 
Waveform and (b) SNR for the propagated output Waveform. 

8. The method of claim 7 Wherein the reference host 
receiver includes an equalizer With a slicer, and the SNR is 
measured at an input to the slicer. 

9. The method of claim 6 further comprising: 

splitting the test signal into tWo test signals, Wherein one 
of the test signals is used to produce the input Wave 
form and the other test signal is applied to the receiver 
module under test to produce the output Waveform. 

10. The method of claim 2 Wherein the distortion metric 
is based on compliance With a standard applicable to the 
receiver. 
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11. The method of claim 10 Wherein the standard is IEEE 
802.3aq standard. 

12. The method of claim 10 Wherein the standard is a 10 
G standard. 

13. The method of claim 2 Wherein: 

the equalizer includes a decision feedback equalizer hav 
ing a feedforWard ?lter and a feedback ?lter and a 

slicer; 
the step of determining a distortion performance of the 

receiver module further 

comprises: 
measuring an input Waveform for the receiver module 

under test, Wherein the input Waveform is based on 
the test signal applied to the receiver module; 

processing the input Waveform in softWare, to simulate 
propagation of the input Waveform through the ref 
erence host receiver; and 

Wherein the step of calculating a distortion metric for 
the receiver module is further based on the propa 
gated input Waveform; and 

the distortion metric is a difference betWeen (a) SNR for 
the propagated input Waveform and (b) SNR for the 
propagated output Waveform, and the SNR is measured 
at an input to the slicer. 

14. The method of claim 2 Wherein the distortion metric 
includes dWDP. 

15. The method of claim 14 Wherein the noise metric 
includes RN. 

16. The method of claim 1 Wherein the step of determin 
ing a noise performance of the receiver module comprises: 

measuring noise at an input of the receiver module; 

measuring noise at an output of the receiver module; and 

determining a noise performance based on the measured 
noise at the input and at the output of the receiver 
module. 

17. The method of claim 1 further comprising the step of: 

determining compliance With a standard based on the 
distortion performance and the noise performance. 

18. The method of claim 17 Wherein the standard sets a 
maximum on a distortion metric and also sets a maximum on 
a noise metric. 

19. The method of claim 17 Wherein the standard de?nes 
combinations of a distortion metric and a noise metric that 
are compliant. 

20. The method of claim 19 Wherein the standard is 
de?ned by a contour of constant bit error rate for the 
receiver. 

21. The method of claim 17 Wherein the standard sets a 
maximum on a distortion metric, and the distortion metric is 
a function of the noise performance. 

22. A method for testing a host receiver intended for use 
With an O/E receiver module as the receiver for an optical 
?ber communications link, the method comprising: 

generating an intermediate test signal, Wherein the inter 
mediate test signal models an input test signal to the 
receiver degraded by noise and distortion from a ref 
erence receiver module; and 

applying the intermediate test signal to the host receiver. 
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23. A method for testing a linear O/E receiver module for 

compliance With a standard, Wherein the O/ E receiver mod 
ule is intended for use With a host receiver that includes 

equalization as the receiver for an optical ?ber communi 

cations link, the method comprising: 

testing the receiver module using a test that correlates 

With the test(s) speci?ed in a standard, Wherein the 
test(s) speci?ed in the standard are based on: 

determining a distortion performance of the receiver 
module; and 

determining a noise performance of the receiver mod 
ule. 
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24. A test system for testing an O/E receiver module 
intended for use With a host receiver as the receiver for an 
optical ?ber communications link, the test system compris 
ing a software simulator for: 

receiving an output Waveform for the receiver module 
under test, Wherein the output Waveform is based on an 
electrical output generated by the receiver module in 
response to a test signal applied to the receiver module; 

processing the output Waveform in softWare, to simulate 
propagation of the output Waveform through a refer 
ence host receiver that includes an equalizer; and 

calculating a distortion metric for the receiver module 
based on the propagated output Waveform. 

* * * * * 


